Introduction
The aluminum alloy (AA2219) has good high/lowtemperature mechanical properties, good fracture toughness, good stress corrosion resistance and weldability. It is the main structural material of propellant tank for space launch vehicles [1] [2] [3] [4] . With a complicated structure, the rocket propellant tank is difficult to be formed at one time and its various sections are connected with tungsten inert gas (TIG) welding technology. Due to the highly concentrated instantaneous heat input, residual stress is inevitably generated during and after welding. Its magnitude and distribution have a vital influence on dimensional accuracy, stress corrosion cracking and safe use of rocket tanks, and can even lead to major safety incidents [5] [6] [7] . Therefore, a systematical study of the generation and evolution of stress during the welding of AA2219 and accurate obtainment of the distribution state of post-weld residual stress are of great significance to the safety and reliability of welded structures.
At present, scholars have researched a lot on the welding residual stress of 2xxx aluminum alloy. Huang et al. [7] used the indentation strain-gauge method to measure the residual stress of AA2219 welded joints. The results show that, the maximum tensile stress is 253 MPa and the maximum compressive stress is -160 MPa. Albertini et al. [8] and Du et al. [9] measured the residual stress of AA2219 welded joints by neutron method, X-ray method and holedrilling method, respectively. These methods were found to accurately characterize residual stresses. Owen et al. [10] measured the TIG welding residual stress of AA2024. It was found that the maximum tensile stress in the heat affected zone, the peak value is 60% of the yield stress of the base metal, and the tensile stress gradually decreases from the welding line to the outside of the panel. Goldak et al. [11] conducted an in-depth study on the heat transfer process of welding, and established a double ellipsoid heat source model suitable for the analysis of arc welding heat transfer. The prediction results are consistent with the actual temperature field, so the model can better predict the heat transfer process of aluminum alloy TIG welding. On the basis of adopting the heat source model, Presto et al. [12] considered the material nonlinearity and the softening behavior of welded joints, and numerical calculated the residual stress field of AA2024 TIG welding. The calculated results and the measurement results of X-rays are consistent, which further improves the simulation accuracy of the welding stress field. Lima et al. [13] used Sysweld to simulate the welding of aluminum alloy, and the results well predicted the residual stress and deformation of butt welding.
In summary, researches on the TIG welding residual stress of 2xxx aluminum alloy are mostly focused on the distribution, characterization methods and prediction of residual stress, the effect of the process parameters on residual stress and the improvement of the accuracy of the calculation model. While there are few studies on the dynamic process of welding in aluminum alloy, especially the aerospace aluminum alloy AA2219.
In this paper, a dynamic welding 3-D finite element model considering material nonlinearity is developed, and the thermo-mechanical coupling process in the welding of AA2219 was numerically analyzed. The generation and evolution of residual stress during the welding process of aluminum alloy is obtained, which provided a basis for controlling welding stress and formulating welding process. In addition, the post-weld residual stress was measured, and compared with the results from numerical analysis.
Experimental
The welding test was carried out and the residual stress on the surface of welded joint was measured. The measurement results were used to verify the finite element model.
Specimen and welding conditions
The welding material used in this study is AA2219 with a size of 244 mm× 100 mm× 10 mm, as shown in Fig. 1 . The chemical composition and mechanical properties of AA2219 is shown in Table 1 . The welding parameters are as follows: welding current, I = 240 A; welding voltage, U = 22 V; and welding speed, v = 2 mm/s, respectively. Residual stress is measured by using the hole-drilling method. The hole-drilling method is a standard technique for measuring residual stress, as described in detail in Ref. [14, 15] . The welded joint is polished before measuring to remove the weld reinforcement. The dimensional details of the position used to measure the residual stress are shown in Fig. 1 . The details of the hole-drilling technique are shown in Fig. 2 . 
Finite element modelling
Considering the symmetry of the weldment and the heat source, a finite element model is established by using ABAQUS software, as shown in Fig. 3 . The geometric model is meshed by using coupled temperature-displacement element (C3D8RT). It has a fine grid in the welding zone. The smallest element size is 2 mm × 1.5 mm× 1.5 mm, and the number of elements and nodes is 18788 and 22632, respectively.
Thermal analysis
The governing equation for the calculation of TIG welding heat transfer is [16] :
where, , c and k represents the material density, specific heat capacity and thermal conductivity, respectively; T(x, y, z, t) represents the temperature field; t represents the heat transfer time; ̅ represents the internal heat source intensity; x, y, z represents the coordinate axis direction.
Fig. 3 Finite element model and boundary conditions
The choice of heat source in the welding simulation is related to the welding technology. The double ellipsoid heat source model of Gaussian distribution proposed by Goldak is used for the TIG welding heat source in this paper [11] . The model takes into account the welding speed effect on the heat flux distribution, and the heating area in front of the arc is smaller than the rear of the arc. The mathematical equation of the heat flux distribution in the front and rear half ellipsoids is [17] 
where: Q is the effective thermal power for the welding arc; U is the welding voltage; I is the welding current; η is the arc thermal efficiency-0.7 [18] ; af, ar, b and c are the geometric parameters of the double ellipsoid heat source model, representing the front and rear half shaft length, ellipsoid width and depth of the heat source model, respectively. These parameters are related to the characteristics of the welding arc and can be determined by measuring the size of the weld profile [18] , as shown in Fig. 4 ; ff, fr is the distribution coefficient of the effective thermal power Q in the front and rear half ellipses, which can be calculated as follows [17, 19] :
The values of heat source parameters are shown in Table 2 . Table 2 In the analysis of welding heat transfer, the symmetry plane is the adiabatic boundary. The heat dissipation boundary conditions consider the heat conduction between the weldment and the steel plate, and consider the convective heat transfer and heat radiation between the weldment and the air. Wherein, the heat conduction equivalent treatment between the weldment and the steel plate is convective heat transfer, whose coefficient is 1000 W/(m 2°C ) with trial calculation. The convection and heat radiation between the weldment and air are uniformly equivalent to the surface heat exchange effect. The thermal coefficient is calculated according to Eq. (6) [19, 20] :
where: h is the equivalent heat transfer coefficient; ha is the convective heat transfer coefficient between the weldment and air, whose value is 20 W/(m 2°C ); ε is the heat radiation coefficient, whose value is 0.75; σ is the Stefan-Boltzman constant, whose value is 5.67×10 ; T is surface temperature; T0 is air temperature (25°C).
Mechanical analysis
The mechanical analysis requires the temperature change in the above heat transfer analysis as the thermal load input to calculate the instantaneous weld thermal stress distribution and the final residual stress distribution. Elasticplastic mechanics analysis involves the following equilibrium equation and constitutive Eqs. [21, 22] . 
where:
, ij j  is the stress tensor and
bi is the body force.
2) Elasto-plastic constitutive equation:
,
where: dσ is the stress increment; dε is the strain increment; dT is the temperature increment; In mechanical analysis, boundary conditions are only used to prevent rigid motion. Among them, the symmetry plane is fixed in Y-direction, and other conditions are shown in Fig. 3. 
Material properties
The specific heat capacity, thermal conductivity, linear expansion coefficient, elastic modulus and yield strength of AA2219 at different temperature are shown in Fig. 5 . The data below 400°C is obtained by consulting literature [23] , and the data above 400°C by extrapolation. There is a certain relationship between the hardness of materials and the yield strength [24] . Therefore, the softening phenomenon of the welded joint can be manifested by setting the material yield strength corresponding to the hardness in different regions. In this paper, the yield strength below 400°C after welding that weld zone and heat affected zone is set to be 70% of the base metal yield strength [12] .
Due to the fluid-solid coupling problem in finite element software, when ABAQUS is used to simulate the welding process, the fluid flow and solidification of the material in the welding pool cannot be directly considered. But the fluid flow in the welding pool has significant effects on temperature distribution and the welding pool shape [18, 25] . If the effect of fluid flow is neglected, the maximum temperature of the welding pool obtained by simulation will be significantly higher than the actual welding temperature. Okagaito [26] studied this and obtained simulation results consistent with the experiment by artificially increasing the thermal conductivity. Therefore, to consider the convective heat diffusion effect generated by the fluid flow in the welding pool, the thermal conductivity of temperature above the melting point in this paper is artificially increased while calculating the temperature field. 6 depicts the evolution process of welding stress in the longitudinal section of the weld. It can be seen that during the welding (t = 0~122 s), the heat source area is in an unstressed state and its front end has a large dynamic compressive stress. When t = 61 s, the heat source moves to x = 122 mm, and in front of the heat source about 32 mm, the maximum longitudinal compressive stress appears, which is -107 MPa. After the heat source passes, the dynamic compressive stress at the same position gradually transforms into tensile stress. This is because materials in the welding pool at the heat source are in a molten state with no stress; while the materials at the front end of the heat source begin to thermally expand under the action of high temperature, and compressive stress is generated after being constrained by the compression of surrounding materials; after the heat source passes, materials at the back end begin to cool and shrink, restrained by the tension of surrounding materials, and then the dynamic compressive stress gradually transforms into tensile stress.
Results and discussion
After the welding is cooled, the stress tends to be stable. In the arcing and arc-extinguishing areas of the welded joint, their surrounding end faces are free boundaries and the longitudinal stress is in the unstressed state. Fig. 7 Dynamic distribution of transverse stress in the longitudinal section Fig. 7 shows the evolution process of welding stress y  It can be seen that there has a large dynamic transverse compressive stress at the front end of the welding heat source, up to -126 MPa, which is significantly higher than the dynamic longitudinal compressive stress. After the welding stress tends to be stable, the transverse stress is in the state of compressive stress in the arcing and arc-extinguishing areas. The transverse stress changes rapidly in the arcing region, and its maximum compressive stress is greater than the arc-extinguishing zone. The maximum compressive stress at both ends is -167 MPa and -155 MPa. Fig. 8 shows the variation of welding stress x  with time in the cross section of the weld (x = 122 mm, y = =0~100 mm, z = 10 mm). It can be seen that in the initial stage of welding (0~20 s), the heat source is far from the central cross section, and micro-tensile stress state appears in the near region on both sides of the weld center. As the heat source moves forward (t = 30 s), micro-tensile stress in the vicinity of the weld center turns to compressive stress. As the heat source gradually approaches the central crosssection, the dynamic compressive stress in the vicinity of the weld gradually increases. Meanwhile, the dynamic tensile stress away from the weld also rises slightly. When t = 61 s, the heat source moves to the central cross section (x = =122 mm), the weld center is basically unstressed, but on both sides of the heat source, y = 14 mm from the welding line, there appears the maximum longitudinal compressive stress with -108 MPa. This is because materials in the area where the heat source acts be heated, and the volume expanded to cause a pressing effect on base materials in the vicinity of both sides of the weld. After the heat source away from the central cross section (t > 61 s), the vicinity of both sides of the weld gradually changes from the pressure state to the tensile stress state; the stress value gradually increases; the tensile stress region continuously expands to both sides of the weld. This is because the base materials nearing the heat source is thermally expanded when the heat source passes, thereby squeezing the materials in the adjacent area. After the heat source passes, the area cooled and contracted, and the shrinking process is hindered by surrounding materials to generate tensile stress. Therefore, the compressive stress near the weld is gradually reduced and converted into tensile stress. When t = 122 s, the half-width region of the tensile stress at the weld extends to the outside to a range of 14 mm, and the maximum tensile stress at this time is 158 MPa.
Stress evolution in the cross section of the weld
After the welding is cooled, the stress is basically stable, and the width of the tensile stress region at the weld is basically unchanged. This indicates that the width of the plastic zone has reached the maximum range and has no further expansion after the welding. But during the cooling process, the peak of tensile stress at the weld increases and the compressive stress away from the weld tends to be uniform. 9 shows the variation of welding stress over time in the cross section of the weld. At the beginning of welding, the heat source is far from the central cross section, and the weld is in the state of tensile stress. When the heat source is close to the central cross section, dynamic transverse compressive stress appears on both sides of the weld and gradually rises as the heat source moves forward, which is consistent with the analysis results of Fig. 8 . When t = =61 s, the maximum dynamic compressive stress (-72 MPa) appears at 14 mm from both sides of the heat source. After the heat source leaves the central cross section, the weld begins to cool; the compressive stress on both sides begins to decrease gradually and is redistributed at different parts, and finally tends to be uniformized. After the stabilization, the transverse stress is small.
Comparison with experimental measurements
To verify the accuracy of the calculated residual stress, the distribution of the longitudinal and transverse residual stress was measured by the hole-drilling method after welding. Then the numerical results are compared with the experimental results, as shown in Table 3 and Table 4 . It can be seen that the experimental measurement data is basically consistent with the numerical calculation, which indicates that the calculation model is reliable. In addition, the measurement results show that the weld bead is mainly dominated by longitudinal tensile stress, and the maximum longitudinal tensile stress is 165 MPa, which is about 47% of the yield strength of the base metal.
Conclusions
1. The longitudinal and transverse dynamic compressive stresses are generated in the front end and both sides of the heat source during the welding process.
2. After the heat source passes, the dynamic compressive stress of the weld and its vicinity of both sides gradually transforms into tensile stress, and the stress value gradually increases. Meanwhile, the distribution range of longitudinal tensile stress continuously expands to both sides of the weld, and reaches the maximum width after arcing extinction.
3. The post-weld residual stress in the weld is mainly dominated by longitudinal tensile stress, and the half-width of the tensile stress distribution is 14 mm. The maximum longitudinal tensile stress is 165 MPa, which is about 47% of the yield strength of the base metal, and is located in the heat affected zone.
4. There has a large transverse compressive stress in the arcing and arc-extinguishing areas, and the maximum compressive stress is located at the arcing point. In addition, the transverse stress in the middle of the weld is small. In this paper, a dynamic welding model of tungsten inert gas welding is established to study the evolution of stress during welding and the distribution of residual stress. The residual stress of post-weld is measured by the holedrilling method and compared with the simulation results to verify the validity of the calculation model. The results show that there has a large instantaneous compressive stress existing in the front end and both sides of heat source during the welding process. After the heat source passes, the dynamic compressive stress at the back-end of heat source gradually transforms into tensile stress and the tensile stress region continuously expands to both sides of the weld. The residual stress of post-weld in the weld is mainly dominated by longitudinal tensile stress. The maximum tensile stress of post-weld is 165 MPa, which is about 47% of the yield strength of the base metal, and is located in the heat-affected zone.
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